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Ventricular Fibrillation
BORYS SURAWICZ, MD, FACC
Indianapolis, Indiana
Ventricular fibrillation is the most common mechanism
of sudden unexpected cardiac death in persons with
asymptomatic or symptomatic coronary artery disease.
The electrophysiologic mechanisms reviewed in this ar-
ticle include: automaticity of pacemaker fibers, trans-
formation of nonpacemaker into pacemaker fibers, "in-
jury" currents and reentry. Some of the conditions
facilitating ventricular fibrillation include bradycardia,
longQT syndrome, electrocution, electrolyte imbalance,
In our society, coronary artery disease is the most common
cause and ventricular fibrillation is the most common mech-
anism of sudden unexpected cardiac death. Ambulatory
electrocardiographic monitoring shows that in patients with
coronary artery disease, ventricular fibrillation is usually
preceded by ventricular tachycardia, ventricular flutter or
frequent premature ventricular complexes. The first pre-
mature ventricular complex (Fig. I) mayor may not inter-
rupt the T wave (R on T phenomenon).
In patients with documented myocardial infarction, ven-
tricular fibrillation is an early event. In one study (1) of 98
patients who constituted 20% of all cases of acute myo-
cardial infarction, ventricular fibrillation occurred in all but
1 patient within 10 hours after the onset of symptoms. The
recurrence rate of ventricular fibrillation in patients with
initial primary ventricular fibrillation occurring within 1 hour
after the onset of myocardial infarction was 16% (2). As
would be expected, the recurrence rate was higher among
the hospitalized survivors who had no documented acute
myocardial infarction. The presence of conduction system
abnormalities appears to be a predictor of recurrent ven-
tricular fibrillation (3,4).
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drugs, sympathetic stimulation and myocardial isch-
emia. Electrophysiologic studies during acute myo-
cardial ischemia suggest that the earliest activity at the
onset of arrhythmia may originate at the sites of the
surviving Purkinje fibers or at the epicardial rim. Reen-
trant arrhythmias arising in ischemic myocardium are
attributed to nonhomogeneous distribution of local hy-
perkalemia and acidosis.
(J Am Coil CardioI1985;5:43B-54B)
Electrophysiologic Mechanism
Fibrillation is a chaotic asynchronous activity of cardiac
muscle. The process can be initiated by rapid impulse for-
mation from a single focus or by reentry. There are many
possibilities for the development of asynchrony in a normal
or abnormal myocardium. The analysis of rhythm distur-
bances immediately preceding fibrillation and the records
of transmembrane action potentials from the fibrillating heart
do not contribute appreciably to the understanding of the
process itself. The mechanisms causing fibrillation are dif-
ficult to identify because I) in most types of experimental
fibrillation, one cannot localize the fiber or the group of
fibers in which the first wave of reentry of the disorganized
activity begins; 2) in many types of experimental fibrillation,
the onset of disorganized activity is due to a combination
of factors rather than to any single factor; and 3) an explo-
ration of all cardiac and extracardiac factors that might have
contributed to the development of fibrillation rarely has been
carried out in any single experiment (5).
No single mechanism or factor can be proposed to explain
all types of spontaneous or experimentally produced fibril-
lation. However, fibrillation requires the presence of: 1) a
certain critical mass of myocardium to maintain the frac-
tionated activity; 2) some excitable stimulus to initiate the
disorder; and 3) a certain critical relation between conduc-
tion velocity and duration of refractory period in the entire
myocardium or in certain parts of the myocardium to produce
and maintain the disorganized activity. The factors that in-
crease vulnerability to fibrillation also include increased au-
tomaticity, currents resulting from differences in the mem-
brane potential during activity or at rest and nonhomogeneous
refractoriness (Table I).
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Reentry: Imbalance Between Conduction
Velocity and Refractoriness
Reentrant activity can occur only in a nonhomogeneous
tissue in which conduction velocity or duration of refractory
periods, or both, differ in different areas of myocardium.
imal diastolic potential or decreased threshold potential. The
depolarization during automatic activity usually is caused
by the sodium current passing through the rapid channel.
However , in fibers depolarized to the level of membrane
potential at which the rapid inward current is inactivated,
depolarization during automatic activity is mediated by the
inward current passing through the slow channel (6).
Currents resulting from ditTerences in the membrane
potential during activity or at rest. Spontaneous reexci-
tation caused by systolic or diastolic current of injury has
been considered as a potential mechanism of arrhythmia
during acute ischemia (references in reference 5). Recent
experimental studies (7,8) have confirmed that the first change
after coronary occlusion in the pig heart is a decrease in
resting membrane potential reflected in depression of the
QT segment. This is followed by shortening of the ventric-
ular action potential in the ischemic area resulting in ele-
vation of the ST segment. When some of the cells become
unresponsive because of depolarization to membrane po-
tentials more negative than - 65 mV, the extracellular com-
plex becomes monophasic (7). Extracellular recordings have
shown that at the electrical border between ischemic and
normal myocardium , the TQ and ST potentials changed by
as much as 12 to 20 mV (8). The extracellular epicardial
injury current originated from the epicardial intracellular
compartment, and the maximal current density flowing from
the border zone toward normal myocardium during late sys-
tole was I ILAJmm2 (7). It appears that a stimulus of such
strength may be sufficient to induce reexcitation. This hy-
pothesis is supported by the observations that arrhythmia
tends to occur at the time of maximal depression of TQ
segment, ST segment elevation and development of action
potential alternans (7,8). However, this is no more than
circumstantial evidence, and other arrhythmia mechanisms
such as microreentry or reflection cannot be ruled out in the
setting of acute ischemia associated with marked slowing
of conduction and asynchrony of repolarization.
Transformation of nonpacemaker into pacemaker fi-
bers. In the isolated preparations, myocardial fibers may
develop diastolic depolarization and function as pace-
makers . This may occur in the presence of low (K +)0 or
depolarization due to other causes , for example, barium,
aconitine , toxic doses of digitalis , weak direct or alternating
current shocks and stretch (5). The possible role of stretch
would be of particular interest in patients with cardiac di-
lation. The role of automatic activity in nonpacemaker fibers
in the genesis of arrhythmias in human beings is not known .
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Figure 1. Representative electrocardiographic strips (bipolar chest
lead) during the first hour after onset of chest pain in a 44 year
old man. Ventricular fibrillation occurs after the first ventricular
premature complex. Note the short coupling interval. (Reproduced
with permission from Paul D. White Symposium, Russek HJ, ed.
Baltimore: Williams & Wilkins , 1973.)
Initiating Stimulus in the Ventricles
Apart from the unusual circumstances mentioned , the
stimulus initiating clinical or experimental ventricular fi-
brillation arises in the ventricles . Such stimuli may be caused
by: 1) pacemaker fibers, 2) nonpacemaker fibers acquiring
pacemaker characteristics, or 3) currents resulting from dif-
ferences in membrane potential during activity or at rest.
Automaticity of pacemaker fibers. Automatic activity
of the pacemaker fibers in the ventricular conducting system
may produce ventricular ectopic complexes or rhythms. Au-
tomaticity of pacemaker fibers may be enhanced by in-
creased velocity of diastolic depolarization, decreased max-
Under rare circumstances, the excitable stimulus initi-
ating ventricular fibrillation may arise in the atria. In the
majority of such rare cases, the rapid atrial impulses are
transmitted to the ventricles through accessory pathways .
In a few published cases , ventricular fibrillation was pre-
cipitated also by a supraventricular impulse conducted through
the atrioventricular (AV) node, probably as a result of co-
existing rapid AV nodal conduction and long QT interval.
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Studies during the past decade have established that very
slow conduction in depolarized myocardium may result from
either activation of the slow inward current flowing through
the " slow channel" or depression of the rapid inward Na +
current flowing through the "rapid channel." The former
activity can be attenuated or suppressed by verapamil and
the latter by tetradotoxin .
Mechanisms of slow conduction. In a series of classic
experiments in canine and bovine Purkinje fibers superfused
with 15 to 17 rnM K+ and epinephrine, Wit et at (9,10)
established that conduction block and reentry could occur
in segments as short as 6 mm, and that circus movement
could be maintained around 12 to 35 mm long loops. The
effective conduction velocity in such segments was 0.02 to
0.08 mis, that is, values similar to those of conduction
velocity in the AV node (10). In addition to the presence
of very slow conduction, reentry in this setting was facili-
tated by rate-dependent block, summation and inhibition
(II) . These experiments have established a physiologic ba-
sis for the possibility of microreentry due to either slow
channel-dependent "slow responses" or depressed "fast
responses" in depolarized myocardium.
Recent investigations have focused on another mecha-
nism of slow conduction not associated with changes in
membrane potential or Vmax during depolarization, but
dependent on the direction of impulse propagation and cell
to cell coupling (12). These studies have shown that the
relative amount of velocity change was greatest during im-
pulse propagation in the direction perpendicular to the long
fiber axis. This process was investigated in the experimental
preparation of healing mottled infarction within 3 to 15 days
after left anterior descending coronary artery occlusion in
dogs (13). Slow conduction in this preparation was attrib-
uted to disruption of electrical cell continuity, that is, cell
to cell coupling. The conclusion was supported by the con-
figuration of the recorded action potentials, which showed
evidence of electrotonic interactions resulting from circui-
tous conduction routes around or across inexcitable areas
(13) . In the regions of slow discontinuous conduction the
space constant was shortened, a finding attributed to increase
in effective axial resistance (14) . Although spontaneous ar-
rhythmias in animals with such chronic mottled infarction
were uncommon, arrhythmias were inducible by electric
stimulation. Studies of arrhythmia sites in excised infarct
fragments (15) showed slow and discontinuous conduction
over the epicardial areas of the infarct and persistence of
reentrant circuits in a volume of myocardium as small as
0.5 em" .
Still another mechanism that mayenable slow conduction
is the electrotonic impulse transmission studied extensively
in the models of sucrose gap or "ischemic" gap. As an
alternative to microreentry, the proponents of electrotonic
transmission postulate propagation across an inexcitable
segment in forward and retrograde direction resulting in a
recurrent response, termed reflection (16). It has been sug-
gested (17) that ~ mechanism of this type can possibly play
a role during acute ischemia in isolated pig or dog hearts .
In the pig heart with acute ischemia, an array of 60 direct
current electrograms failed to map out a reentrant circuit
and an electrotonic spread was assumed because the earliest
activity was recorded from the normal side of the ischemic
border , an area frequently separated electrically by a small
zone of nonexcitable tissue (17) .
Dispersion of repolarization. Strong experimental evi-
dence has linked ventricular arrhythmia to dispersion of
repolarization. Reexcitation has been considered as a po-
tential arrhythmia mechanism caused by increased disper-
sion of repolarization. The mechanism of focal reexcitation
was studied in a small tissue strip mounted in a gap, one
side of which was treated with ethylenediaminetetra-acetic
acid (EDTA) to prolong repolarization (I8). The long-last-
ing repolarization was transmitted electrotonically to the site
with a normal action potential and caused reexcitation. This
experiment suggested that abrupt repolarization differences
between apposed cells can cause reexcitation and initiate
arrhythmia. However, no experimental evidence is available
that such a mechanism does occur in vivo.
In a recent study (19), the effect of graded dispersion of
repolarization was studied in open chest anesthetized dogs
using monophasic action potentials recorded with suction
electrodes and local electrograrns. To induce dispersioncaused
by changes in monophasic action potential duration, myo-
cardial temperature was altered by a combination of general
hypothermia and selective coronary artery perfusion with
heated blood. The differences between the durations of the
longest and the shortest monophasic action potentials av-
eraged 99 ms. Ventricular arrhythmia did not occur spon-
taneously but was inducible by a single ventricular pre-
mature stimulus applied at the site of short monophasic
action potential duration. The critical dispersion at which
arrhythmia was inducible was several times greater than the
maximal control dispersion during atrial pacing. The ar-
rhythmia induced by single premature stimulus began at the
sites distal to the site of stimulation and progressed to ven-
tricular fibrillation in all experiments . The arrhythmia was
attributed to slow impulse propagation from the sites with
a short to those with a long monophasic action potential.
The most likely mechanism of this arrhythmia was reentry
with an unidirectional block created by long duration of
monophasic action potentials. This suggests that the large
dispersion of repolarization is arrhythmogenic, not due to
reexcitation but, because it creates an environment that fa-
cilitates the development of a conduction delay, required to
induce a sustained arrhythmia (19) . The premature stimuli
initiating arrhythmia either did not change or decreased the
differences in monophasic action potential duration. This
suggests that the large monophasic action potential differ-
ences in this model played a crucial role in the process of
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initiation, but not in the process of arrhythmia maintenance
(19).
Types of Experimentally Induced and
Spontaneous Ventricular Fibrillation
Stimulation during the vulnerable period. Determi-
nation of ventricular fibrillation threshold by means of stim-
ulation during the vulnerable period is a convenient and
relatively simple experimental procedure. It is based on the
concept that all hearts contain a certain intrinsic degree of
nonhomogeneity represented by the normal dispersion of
recovery, and that induction of ventricular fibrillation is
caused by the inhomogeneity added by the stimulus (20).
This concept assumes that, in the presence of an increased
amount of intrinsic dispersion, a proportionally smaller amount
of added dispersion will be necessary to induce ventricular
fibrillation. Hence, the ventricular fibrillation threshold is
expected to be inversely proportional to the underlying in-
trinsic inhomogeneity. It has been shown that increasing
current intensity delivered as a pulse or train of pulses in-
creases dispersion of excitability and lowers the ventricular
fibrillation threshold (21).
Several important theoretical and practical limitations
hinder the interpretation ofventricular fibrillation threshold
as an index of vulnerability. The magnitude of electro-
physiologic derangement appears to depend not only on the
degree of intrinsic electrophysiologic nonhomogeneity, but
also on the nature of the metabolic or pathologic abnor-
malities. Thus, twice as much energy was required for de-
fibrillation of spontaneous ventricular fibrillation induced
by coronary occlusion or reperfusion as for that of electri-
cally induced ventricular fibrillation, even though the masses
of fibrillating myocardium were similar in both procedures
(22). Also, during myocardial ischemia, the ventricular fi-
brillation threshold may be higher with severe than with
moderate ischemia (23). This means that an increase in
ventricular fibrillation threshold does not necessarily result
in improvement. In another study (24), ventricular fibril-
lation threshold increased with increasing coronary blood
flow, implying that the coronary blood flow itself was a
major determinant of this threshold.
Measurements of ventricular fibrillation threshold may
not be appropriate for monitoring vulnerability associated
with reflex changes in autonomic tone because this threshold
may be altered by the locally released neurotransmitters
during electric stimulation (25). Finally, the ventricular fi-
brillation threshold may be altered by the mode of stimu-
lation (26,27). Verrier et al. (27) described a "protective
zone" closely adjoining the vulnerable period. When a fi-
brillatory stimulus is followed by a second stimulus that
engages the "protective zone," ventricular fibrillation is
prevented. This effect of the protective stimulus has been
attributed to an "occlusion" of a major reentrant pathway
(26). Therefore, measurements of ventricular fibrillation
threshold using trains of stimuli can produce inconsistent
results dependent on the timing of the train (27).
In human beings, ventricular fibrillation threshold was
measured (28) using a train of pulses at a frequency of 100
Hz applied to the epicardial surface during ST segment and
T wave in patients in whom surgical procedures required
induction of ventricular fibrillation. In patients with con-
genital or valvular heart disease ventricular fibrillation
threshold was 24.3 ± 5.2 mA for the right ventricle and
33.6 ± 9.5 mA for the left ventricle, but in patients with
coronary artery disease, that is, greater than 75% obstruction
of the left anterior descending coronary artery, the ventric-
ular fibrillation threshold for the left ventricle was signifi-
cantly lower. Also, a lower ventricular fibrillation threshold
has been documented in patients with inducible ventricular
tachycardia or fibrillation (29). Application of two ventric-
ular extrastimuli produced ventricular fibrillation in 10 of
125 patients, each of whom had a documented or suspected
ventricular arrhythmia, usually ventricular fibrillation.
Characteristics of the first premature impulse. In a
study of ventricular arrhythmias occurring within the first
12 hours of acute myocardial infarction (30), R on T phe-
nomenon initiated primary ventricular fibrillation in 16 of
17 patients, but initiated ventricular tachycardia in only 4
of 265 episodes. Moreover, in this study, the R on T phe-
nomenon occurred frequently in the absence of arrhythmia
and was not a reliable predictor of ventricular fibrillation.
In another study (31), the R on T phenomenon initiated
primary ventricular fibrillation in 33 (69%) of 48 patients,
while in the remaining patients ventricular fibrillation was
preceded by ventricular tachycardia (19%) or a late ven-
tricular extrasystole (12%). Similar results were reported in
smaller series by other investigators (30,32-35).
The role of corrected QT (QTc) interval prolongation in
the initiation of ventricular fibrillation appears to be un-
settled. In one study (35), QTc prolongation was observed
for several hours before the onset of ventricular fibrillation
or torsade de pointes in 7 of 12 patients, but in another
study (36), the QT interval was usually within normal limits.
Conditions Facilitating Spontaneous
Ventricular Fibrillation
Studies of experimentally induced ventricular fibrillation
suggest that disorganization is usually precipitated and
maintained by various combinations of electrophysiologic
abnormalities. Some of these abnormalities associated with
vulnerability to ventricular fibrillation have been identified.
However, the precise role played by each individual factor
in the production of the event remains to be clarified. There-
fore, the electrophysiologic abnormalities that may be re-
sponsible for the event cannot be listed in the order of their
relative importance. The factors that may be responsible for
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ventricular fibrillation in human beings are derived predom-
inantly from the experimental studies in the appropriate
animal models. The following electrophysiologic alterations
will be considered:
Slow heart rate. The following factors may be respon-
sible for the apparent increase in vulnerability associated
with slow heart rate: l) increased duration of relative re-
fractory and vulnerable periods; 2) increased difference be-
tween the duration of action potential in the Purkinje and
ventricular fibers; and 3) increased dispersion of refracto-
riness within the ventricular myocardium. All these factors
may enhance reentry after an early premature impulse.
Congenital long QT syndrome. This syndrome repre-
sents a unique condition in which ventricular fibrillation
occurs in the absence of gross structural cardiac abnormal-
ities or drug administration as a result of critical dispersion
of ventricular repolarization attributed to dysfunction of the
autonomic nervous system supplying the heart, and precip-
itated by neurogenic or psychogenic stimuli. Ventricular
fibrillation in patients with congenital long QT syndrome is
usually precipitated by extrasystoles occurring during the
inscription of the T wave (37). Frequently, the duration of
the QT interval varies spontaneously, presumably because
of changes in autonomic tone. Ventricular arrhythmias tend
to occur at the time of increasing QT lengthening and are
sometimes precipitated by startling noises or psychic dis-
turbances (37-39).
Electrocution. The mechanisms that may be responsible
for ventricular fibrillation produced by electric currents in-
clude depolarization, increased automaticity of pacemaker
fibers and transformation of nonpacemaker into pacemaker
fibers. A study of artificial current leak passed through a
fluid-filled catheter into the right ventricle (40) showed that
very low currents, that is, less than 20 /LA, produced a total
loss of organized ventricular contraction. These currents
were five times weaker than those that caused a sustained
ventricular fibrillation.
Table 1. Factors That May Enhance Vulnerability to
Ventricular Fibrillation
Large mass of myocardium
Local depolarization
Increased automaticity of Purkinjefibers
Transformation of nonpacemaker into pacemaker fibers
Slow conduction
Localized focal block or pre-excitation
Generalized*
Uniformly prolonged refractoriness (duration of action potential)
Increased nonuniformity of refractoriness
Altereddifferences between Purkinje and ventricular fibers
Increaseddispersion of refractoriness in the ventricular
myocardium
*Indudes changes in membrane responsiveness.
Hypokalemia. Ventricular fibrillation always occurs in
isolated hearts perfused with low extracellular potassium
concentrations (41). Increased automaticity of Purkinje fi-
bers and transformation of nonpacemaker into pacemaker
fibers may explain the increased incidence of ventricular
ectopic complexes and rhythms in patients with hypokale-
mia (42). The automaticity in nonpacemaker fibers may
occur when the fibers are depolarized to the levels at which
rapid sodium current is inactivated (43,44), or it may be
triggered at relatively normal maximal diastolic potentials
(45). Recently, attention has been directed to the possible
risk of hypokalemia in patients with acute myocardial isch-
emia because of the reported increased incidence of ven-
tricular fibrillation in hypokalemic patients entering coro-
nary care units (46,47).
Phenothiazines. Considering the widespread use of
phenothiazines, the isolated case reports of life-threatening
ventricular arrhythmias in patients treated with these drugs
suggest a low incidence of such arrhythmias. Because of its
effect on the T wave and QT interval, thioridazine has been
implicated as a cause of arrhythmias more often than have
other drugs in this category. In the study of Davis and Bigger
(48), thioridazine had no effect on ventricular fibrillation
threshold, but a dose of 30 mg/kg increased the likelihood
of spontaneous ventricular fibrillation during acute ischemia.
Acidosis. Ventricular fibrillation threshold is decreased
by acute metabolic acidosis and increased by metabolic al-
kalosis (49). Respiratory acidosis does not alter the fibril-
lation threshold (49). The mechanism of vulnerability
produced by metabolic acidosis is unknown. The increase
in ventricular fibrillation threshold is not associated with a
significant change in extracellular potassium concentration.
Antiarrhythmic drugs. Aggravation of ventricular ar-
rhythmias by quinidine and similar antiarrhythmic drugs has
been established by numerous investigators. In early studies,
all patients reported to have ventricular fibrillation during
treatment with quinidine were also receiving digitalis. More
recently, however, ventricular fibrillation and ventricular
flutter were recorded in patients receiving quinidine but not
digitalis (50). It has been shown (51) that in patients who
had ventricular fibrillation during treatment with quinidine
and disopyramide, sustained arrhythmias were not inducible
by electric stimulation when drugs were discontinued, but
ventricular tachycardia was inducible when patients were
challenged with the drugs used at the time of the occurrence
of spontaneous ventricular fibrillation. It is of interest that
in these patients, the QT interval was not prolonged at the
time of either spontaneous ventricular fibrillation or re-
challenge with drugs. However, in many other reports of
ventricular fibrillation or torsade de pointes attributed to
antiarrhythmic drugs, both the QT interval and the QRS
duration were prolonged (52-56). Torsade de pointes can
occur also during treatment with drugs that prolong QT but
have either slight effect on the QRS duration (for example,
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amiodarone [57]), or no effect on the QRS duration (for
example, sotalol [58]). No correlation between the occur-
rence of torsade de pointes and either the dose or the blood
drug concentration has been established for any of the an-
tiarrhythmic drugs. It has been suggested that some persons
are particularly susceptible (59) or that the drugs may un-
mask a latent form of congenital QT syndrome (54).
Digitalis. Toxic doses of glycosides increase the rate of
diastolic depolarization and produce partial depolarization
in Purkinje fibers (60). High doses of glycosides may also
transform nonpacemaker into pacemaker fibers (61). Ven-
tricular fibrillation is probably due to increased automaticity,
slow conduction and increased dispersion of refractoriness.
Recent studies have focused on the triggered ectopic im-
pulses and rhythms elicited in vitro after administration of
toxic digitalis doses. Triggering appears to be facilitated by
increased sympathetic activity and the duration of the bursts
is prolonged by factors that promote an increase in intra-
cellular calcium. The role of afterdepolarizations underlying
the triggered activity in arrhythmias due to digitalis toxicity
in vivo is uncertain.
Sympathetic stimulation. Stimulation of either the right
or the left stellate ganglion facilitates induction of ventric-
ular fibrillation (62). This effect was not dependent on the
accompanying changes in heart rate or blood pressure but
was prevented by pretreatment with reserpine (62). Ven-
tricular fibrillation threshold was also lowered by posterior
hypothalamic stimulation (63), as well as stimulation of
several somatic nerves, that is, the median, tibial, obturator
and sural nerves (64). These effects were prevented by beta-
adrenergic blockade but were not related to changes in blood
pressure (63,64).
During experimental coronary occlusion, stellate gan-
glion stimulation decreased ventricular fibrillation threshold
by an average 42% of control value, whereas stellectomy
increased it by an average of 31% of the control value (65).
In vagotomized dogs, ablation or cooling of the left stellate
ganglion increased ventricular fibrillation threshold by an
average of 72% (66). In experimental acute coronary oc-
clusion, beta-adrenergic blockade protected the dogs from
spontaneous ventricular fibrillation and increased ventricular
fibrillation threshold (67,68). Coronary ligation in the iso-
lated perfused rat heart decreased ventricular fibrillation
threshold and increased the myocardial content of cyclic
adenosine monophosphate (AMP) (69). Both effects were
altered by treatment with propranolol but not by blockade
of the specific beta-adrenergic receptor with atenolol. This
suggests that vulnerability to ventricular fibrillation is re-
lated to the increased content of cyclic AMP.
Also, in dogs that developed ventricular fibrillation after
coronary ligation, the content of cyclic AMP was increased
in the ischemic myocardium without an increase in the con-
tent of norepinephrine (70). Kanayama et al. (70) proposed
that other factors such as histamine and prostaglandins caused
the increase in cyclic AMP that facilitated ventricular
fibrillation.
Vagal stimulation. Vagal stimulation in dogs did not
change the ventricular fibrillation threshold under control
conditions (71,72) or after beta-adrenergic blockade (71).
However, during left stellate ganglion stimulation, which
decreased ventricular fibrillation threshold, vagal stimula-
tion restored the ventricular fibrillation threshold to control
value (71). This increase of ventricular fibrillation thresh-
old by vagal stimulation in the presence of an augmented
sympathetic tone was attributed to reflex inhibition of the
sympathetic outflow (71,73).
In the' 'sudden death" model ofdogs with acute ischemia
in the presence of I month old myocardial infarction (74),
ventricular fibrillation occurred during exercise when the
heart rate increased, but not when it failed to increase. This
was taken as evidence that protection from ventricular fi-
brillation was due to high vagal tone (74). Vagal stimulation
also protected dogs with acute myocardial ischemia, inde-
pendent of heart rate, by preventing the decrease of ven-
tricular fibrillation threshold during rapid pacing (75).
In contrast to the protective role of vagal stimulation in
the foregoing experiments, other investigators (76) found
that in some dogs, vagal stimulation induced ventricular
tachycardia and fibrillation after ligation of the left anterior
descending coronary artery. Recording of continuous elec-
trical activity in the ischemic zone during this procedure
suggested facilitation of reentry by vagal stimulation.
Emotional factors. The evidence for emotionally pre-
. cipitated fatal ventriculararrhythmias stems from two sources,
that is, isolated case reports of patients with normal coronary
arteries and no evidence of heart disease (77) and behavioral
studies in conditioned animals (78-81). Lowering of thresh-
old for repetitive ectopic activity was observed in dogs in
an aversive setting, consisting of suspension in the Pavlov-
ian sling and application of electric shocks (78). This effect
was prevented by beta-adrenergic blockade. In unanesthe-
tized conscious pigs with occlusion of the left anterior de-
scending coronary artery, ventricular fibrillation could be
delayed or prevented by adaptation, that is, reduced psy-
chologic stress (80), or blockade of the frontocortical-brain-
stem pathway traveling through the posterior hypothalamus
(81).
Myocardial ischemia. The electrophysiology of isch-
emia and infarction has been a subject of intensive inves-
tigation of which only the highlights can be touched on in
this article. In agreement with the earlier studies of Harris
in dogs with coronary ligation (references in reference 5),
the electrical activity within ischemic myocardium extended
beyond the T wave before the onset of arrhythmia (82,83).
The electrograms from the infarcted area resembled local-
ized fibrillation showing desynchronization and marked
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slowing of activation (83). The Purkinje fiber activity during
acute ischemia appeared to be preserved (84), a finding
confirmed in autopsy studies (85).
In a 3 to 7 day old infarction after left anterior descending
artery ligation, the conduction disorders were tachycardia-
dependent (86). The activation sequence recorded using
multiple electrodes, including a large composite electrode,
showed manifest and concealed reentry and suggested the
presence of functionally dissociated areas in which a focus
of ventricular fibrillation was confined to a small region
without invading the neighboring areas, akin to a "pro-
tected" focus.
At the cellular level, arrhythmia in the ischemic myo-
cardium was associated with shortening of the action po-
tentials, lowered resting membrane potential, postrepolar-
ization refractoriness and alternans of the action potential
(87,88). During repeated occlusions of a branch of the left
anterior descending artery, differences in refractoriness be-
tween normal and ischemic myocardium within 2.5 minutes
after occlusion increased up to 110 ms and correlated with
spontaneous ventricular fibrillation (89). However, during
reperfusion, the differences between the refractoriness in
normal and ischemic myocardium were smaller and showed
no strict correlation between the occurrence of ventricular
fibrillation and the magnitude of dispersion of refractoriness
(90,91).
Using 60 direct current electrograms in the study of
isolated perfused hearts with coronary occlusion, lanse et
at. (92) found that the difference between ventricular tachy-
cardia and fibrillation was caused by the size and number
of reentrant circuits. In ventricular tachycardia, one circuit
around an area of block had a diameter of I to 2 cm. In
ventricular fibrillation, the fragmented wave fronts and cir-
cus movements had smaller dimensions and were seldom
completed. The activation pattern during ventricular fibril-
lation after occlusion and reperfusion was the same. In this
study, the arrhythmia during acute ischemia was attributed
to the flow of "injury" currents, and the earliest activation
was usually recorded in the Purkinje fibers at the normal
side of the ischemic border. The activation of Purkinje fibers
was attributed to "focal reexcitation," assumed to be due
to electrotonic interaction caused by differences in mem-
brane potential or differences in action potential durations;
however, other possible mechanisms, for example, en-
hancement of diastolic depolarization, triggering or induc-
tion of oscillatory afterdepolarizations, could not be ruled
out. The Purkinje fibers have not been universally accepted
as the site of earliest activity at the onset of arrhythmia. In
some studies, the earliest activation at the onset of ventric-
ular fibrillation was more compatible with a subepicardial
origin (93).
El-Sherif et at. (94) attributed arrhythmia in I day old
myocardial infarction to triggered activity elicited in Pur-
kinje fibers depolarized to -59.3 ± 99 mY. This activity
was probably due to slow channel depolarizations (43,44)
because it was increased in amplitude by epinephrine and
calcium and suppressed by verapamil (94).
The occurrence of ventricular fibrillation is influenced
also by the extent of the lesion. In dogs with coronary
occlusion, the occurrence of ventricular fibrillation corre-
lated with larger zones of hypoperfusion measured with
99m-Tc-labeled albumin microspheres (95). Also, during
occlusion and release, the occurrence of ventricular fibril-
lation correlated significantly with the amount of myocar-
dium at risk (96,97).
Biochemical derangements in acute ischemia: corre-
lation with electrophysiologic abnormalities. Consider-
able progress has been made in the studies of biochemical
derangements accompanying the electrophysiologic abnor-
malities in the ischemic myocardium. The use of K + se-
lective extracellular electrodes has elucidated the time course
and the distribution of interstitial hyperkalemia after coro-
nary ligation in dogs and pigs, and has enabled the corre-
lation of these changes with the electrophysiologic abnor-
malities and arrhythmias. These studies (90-10 I) showed
that the extracellular K + concentration during acute isch-
emia after coronary occlusion increased within seconds to
levels of 12 to 17 roM, and occasionally even higher. Acute
beta-adrenergic blockade attenuated the initial rate of in-
crease in K + concentration, but did not influence the max-
imal (K +)0 values after the occlusion (99). It has been
shown that H+ concentration increases concomitantly with
the increase in K + concentration (100,102) and that inter-
stitial pH reaches 5.5 after 50 minutes of ischemia (100).
However, the electrical nonhomogeneity responsible for ar-
rhythmias has been attributed predominantly to a combined
effect of K+ released from ischemic myocardium and nor-
adrenaline released from both ischemic and nonischemic
myocardium. The importance of acidosis in the genesis of
arrhythmias was questioned because of its slow development
and, unlike the case of K +, its lack of correlation between
the onset of ventricular fibrillation and increase in extra-
cellular H+ concentration (100).
Nonetheless, at the cellular level acidosis causes distinct
electrophysiologic abnormalities that may contribute to ar-
rhythmias. Kagiyama et al. (103) showed that at each level
of (K +)0 between 2.7 and 17 roM, acidosis induced by
increasing Pco; or decreasing HC03 , decreased membrane
potential and Vmax and slowed conduction. The slowing of
conduction caused by acidosis had a greater depressing ef-
fect on conduction when (K +)0 was 9.0 and 13.0 roM than
when (K +)0 was 5.4 roM. Respiratory acidosis had a greater
depressing effect on conduction, resting membrane potential
and Vmax, and a faster onset of action than did metabolic
acidosis, probably because of the greater degree of intra-
cellular acidosis. Studies utilizing magnetic resonance im-
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aging indicate that intracellular pH during ischemia may
decrease to a level of 6.4 (see references in reference 104).
In the isolated perfused guinea pig hearts during acute
global ischemia, resting membrane potential decreased from
- 82 to about - 50 mV when the extracellular K + concen-
tration increased to about 15 mM, a value approximately
equal to K + equilibrium potential (101). The intracellular
Na + activity was not changed during ischemia, which in-
dicated that the sodium " pump" functioned normally and
prevented intracellular Na" accumulation (101).
Studies of Kagiyama et al. (/03) suggest that various
combinations ofnonhomogeneous distribution of interstitial
hyperkalemia and acidosis may produce considerable dif-
ferences in conduction within various regions of the myo-
cardium and precipitate reentrant arrhythmias. However,
several nonelectrolyte abnormalities have also been consid-
ered as potential causes of the electrophysiologic derange-
ments that occur during acute ischemia. Of these, hypoxia
probably plays no major role in the genesis of arrhythmias
because it allows maintenance of normal resting membrane
potential and Vmax despite the loss of intracellularK+ (104).
Inhibition of beta oxidation by ischemia leads to large
increases in myocardial CoA and acyl carnitine. These sub-
stances have been implicated in the deterioration of ven-
tricular performance and inhibition of Na + -K + adenosine
triphosphatase . Palmitoyl carnitine causes " triangulariza-
tion ' of action potential and postrepolarization refractori-
ness, but adverse electrophysiologic actions of increased
acyl CoA have not been documented (104).
Increased free fatty acid concentration has no apprecia-
ble effect on action potential , and the possible contribution
of free fatty acids to arrhythmia is a subject of controversy
(see references in reference 104). Marked elevation of free
fatty acids did not change ventricular fibrillation threshold
in normal dogs or in dogs after coronary ligation (105).
Phosphoglycerides and lysophosphoglycerides accumu-
late during ischemia and are present in the effluents of
isolated ischemic hearts. In ischemic cat hearts, the con-
centration of Iysophosphoglycerides increased by 53%, that
is, to a level at which various electrophysiologic derange-
ments occurred at the cellular level in vitro (104) . These
derangements appeared within 10 minutes and were ascribed
to changes in membrane permeability . The electrophysio-
logic abnormalities caused by Iysophosphoglycerides were
exaggerated by acidosis (106) , which also caused an in-
creased sensitivity to palmitoyl carnitine (104).
As mentioned earlier, accumulation of cyclic AMP in
ischemic myocardium in the isolated rat heart correlated
with arrhythmia, independent of beta-adrenergic activity (see
references in reference 104). It has been shown that the
increase in cyclic AMP was due to ischemia and not to the
electrical induction of ventricular fibrillation itself (107).
Reperfusion arrhythmias. Ventricular fibrillation oc-
curs frequently in experimental animals after the release of
coronary occlusion. It originates in the reperfused myocar-
dium (108) and is initiated by rapidly repeating sequences
arising from a localized cardiac lesion (109). The mecha-
nism of the initiating event is not known but probably does
not represent an enhanced automaticity (110).
Reperfusion arrhythmias that are attributed to the wash-
out ofaccumulated metabolites (111 .112)differ in behavior
from arrhythmias occurring during occlusion (111-114).
Some of these behavioral differences appear to be due to
differences in the response to changes in sympathetic tone.
After occlusion of a coronary artery, ventricular fibrillation
threshold decreases, typically within 2 minutes, and returns
to control within 5 to 6 minutes despite continuous coronary
obstruction. During release of occlusion, ventricular fibril-
lation threshold decreases transiently again. The increase in
ventricular fibrillation threshold after occlusion is accom-
panied by an increased sympathetic discharge that is not
evident after the release (115). Accordingly, stellectomy,
which increased ventricular fibrillation threshold after oc-
clusion, caused either no change or an increase rather than
a decrease of vulnerability to ventricular fibrillation during
reperfusion (lIS).
An increase ofblood pressure induced by phenylephrine
administered during coronary occlusion increased ventric-
ular fibrillation threshold. This effect was attributed to the
withdrawal of sympathetic tone as evidenced by the loss of
protection after denervation of the carotid sinus and aortic
arch receptors (116). However, during reperfusion , the ven-
tricular fibrillation threshold was not changed after the blood
pressure was increased by phenylephrine (116) . In other
experiments, alpha- and beta-adrenergic blockade with
phentolamine and propranolol prevented the decrease of
ventricular fibrillation threshold during occlusion, but had
no effect on this threshold after the release of occlusion
(112). Administration of glucose, insulin and K + prevented
reduction of ventricular fibrillation threshold during stellate
ganglion stimulation, or norepinephrine infusion after oc-
clusion, but did not alter the incidence of ventricular fi-
brillation during reperfusion (117). Also, lidocaine did not
alter the pattern of vulnerability during reperfusion (113).
However, the specificity of the latter observation is uncertain
because lidocaine does not consistently prevent spontaneous
ventricular fibrillation after occlusion (118).
Although in dogs mortality due to ventricular fibrillation
was nearly the same during occlusion and reperfusion (29
versus 25%), the electrophysiologic abnormalities under-
lying these arrhythmias were different (114). After occlu-
sion, conduction was slow and the refractory period in the
ischemic myocardium was shortened. During reperfusion,
the refractory period was also shortened but the conduction
at the onset of arrhythmia was improved (l1O,1I4). The
apparent recovery from the depressed conduction at the on-
set of ventricular fibrillation was associated with increased
fragmentation (110,119), which implied reentry, perhaps
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due to increased nonhomogeneity of conduction (110). In
common with ventricular fibrillation after occlusion, the
incidence of ventricular fibrillation during reperfusion was
related to the magnitude of the ischemic insult (120).
The role of reperjusion in the incidence of ventricular
fibrillation in patients has not been adequately evaluated.
The electrocardiographic recordings during induced or spon-
taneous coronary spasm provide an opportunity to correlate
the behavior of ST segment with the onset of ventricular
fibrillation. Arrhythmias occurring before the peak of ST
elevation are presumed to be due to occlusion, and arrhyth-
mias occurring during the resolution of the ST elevation to
reperfusion (121,122).
Role of slow channel-dependent activity: effect of
drugs. It is reasonable to assume that the presence or ab-
sence of such activity may be deduced from the responses
of arrhythmia to the slow channel blocking drugs (II). How-
ever, this type of circumstantial evidence may be mislead-
ing, because the lack of beneficial drug effects may be due
to the inability of the drugs to achieve a sufficiently high
concentration at the poorly perfused site of arrhythmia. Con-
versely, the suppression of arrhythmia by a slow channel
blocking drug may represent a nonspecific effect caused by
a more favorable balance between myocardial supply and
demand of oxygen. The "protective" action of slow channel
blocking drugs was shown in several experimental models
of arrhythmias: verapamil reversed the ventricular fibrilla-
tion threshold-lowering effect of adrenaline in isolated per-
fused rat hearts in which the left main coronary artery is
ligated (123). Intravenous administration of nifedipine or
nisoldipine reduced the incidence of or prevented ventricular
fibrillation in anesthetized rats with acute myocardial in-
farction (124). Verapamil did not alter the ventricular fi-
brillation threshold in normal myocardium but increased it
in dogs after both coronary occlusion and release (125).
Also, diltiazem delayed the onset of ventricular fibrillation
in dogs after coronary occlusion (126,127). However, nei-
ther nifedipine nor diltiazem enhanced survival in dogs after
a 30 minute occlusion of the left circumflex artery (128).
In the case of slow channel-dependent conduction, the
slow channel blockade may be expec.ed to depress con-
duction. However. experimental studies have shown that
the slow channel blockade improved conduction in the
ischemic myocardium (129,130). These findings are com-
patible with an indirect action of slow channel blocking
drugs by way of changes in metabolism or myocardial flow.
However, in excised human myocardial infarction scars,
slow spontaneous automatic activity arising from low mem-
brane potential was suppressed by verapamil (131). In the
clinical setting, the slow channel blocking drugs seldom
impede inducibility of life-threatening arrhythmias (132,
also references in reference 133).
Idiopathic ventricular fibrillation. Isolated case re-
ports suggest that idiopathic ventricular fibrillation encom-
passes a variety of origins and mechanisms, for example,
an exercise-induced familial (134,135) or sporadic ventric-
ular fibrillation (136,137), possible "forme fruste" of the
long QT interval syndrome, abnormally short ventricular
effective refractory period (138) or coronary spasm (139).
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